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Introduction {#sec1}
============

Organic-inorganic hybrid perovskite shows excellent optoelectronic properties with high absorption coefficient, high charge carrier mobility, long carrier diffusion lengths, and tunable band gaps, making it a promising light-harvesting layer for next-generation photovoltaic cells ([@bib7], [@bib20], [@bib30], [@bib22]). After rapid development over the past decade, the pace of perovskite solar cell (PVSC) advancement in terms of power conversion efficiency (PCE) slowed down in the past 2 years, but still reached over 23%, which is on par with the best CuIn~x~Ga~1-x~Se~2~ (CIGS) and CdTe solar cells but lower than that of crystalline Si solar cells ([@bib18]; Accessed November, 2018). One promising strategy to further improve the PCE of PVSCs is to fabricate a tandem solar cell, which is composed of sub-cells with different band gaps to selectively harvest different portions of the solar spectrum to reduce the overall thermalization energy loss during the photocurrent generation process. Several different types of tandem cells were proposed including the perovskite/Si-, perovskite/CIGS-, and perovskite/perovskite-based double-junction cells ([@bib28], [@bib19], [@bib8], [@bib35], [@bib16]). The first two can be realized by incorporating a large-band-gap (∼1.7--1.9 eV) perovskite cell to harvest the visible light, and the all-perovskite tandem cell requires an additional low-band-gap (∼0.9--1.2 eV) perovskite cell to harvest the near-infrared (NIR) light. The latter one was proved to be feasible because low-band-gap perovskites can be achieved by partially replacing Pb^2+^ with Sn^2+^ in the perovskite lattice and the smallest band gap is achieved when half of the Pb^2+^ is replaced by Sn^2+^ ([@bib17]). However, low-band-gap perovskites typically show very poor stability as the bivalent Sn^2+^ in the perovskite is easily oxidized to Sn^4+^ in ambient condition, which destroys the crystal lattice and quickly degrades the device performance ([@bib21], [@bib24]). Therefore, although high PCEs of 17%--18% have been demonstrated in low-band-gap PVSCs, the development of stable mixed Sn/Pb-based PVSCs is critically important to realize stable perovskite tandem cells as well as other optoelectronic applications, such as NIR photodetectors and light-emitting diodes ([@bib40], [@bib32], [@bib42], [@bib9]).

Several studies have demonstrated that organic-inorganic two-dimensional (2D) layered perovskites are more stable than three-dimensional (3D) perovskites in terms of ambient stability as the organic layer can serve as a physical barrier to prevent moisture from penetrating into the perovskite film to destroy the perovskite crystal structure ([@bib26], [@bib10]). Therefore, 2D perovskites can improve the stability of perovskite optoelectronic devices, regardless of solar cells or light-emitting diodes ([@bib4], [@bib5], [@bib36], [@bib23], [@bib13]). However, unlike 2D perovskite light-emitting diodes, the performance of 2D PVSCs are much more sensitive to the orientation of the 2D perovskite planes. In a typical PVSC, laterally oriented 2D layered perovskite is unfavorable as the insulating organic layer could block the charge transport in the vertical direction and reduces the photocurrent. Conversely, in vertically oriented 2D perovskite, charge transportation is not impeded by the insulating organic layer, therefore leading to solar cells with much better PCEs when compared with those having laterally oriented 2D perovskites. Therefore, forming a vertically oriented 2D perovskite is a possible method to achieve stable low-band-gap mixed Sn/Pb-based PVSCs without sacrificing device performance. In recent years, with the introduction of butylammonium (BA) or phenylethylammonium (PEA) in perovskite thin films, it is possible to obtain the desired vertically oriented medium-band-gap 2D perovskites of (BA)~2~(MA)~n−1~Pb~n~I~3n+1~, (PEA)~2~(FA)~n−1~Sn~n~I~3n+1~, and (BA)~2~Cs~3x~(MA)~3-3x~Pb~4~I~13~ ([@bib23], [@bib13], [@bib5], [@bib6], [@bib38]).

As the smallest band gap mixed Sn/Pb perovskite is composed of stoichiometrically identical Sn^2+^ and Pb^2+^, we therefore attempt to incorporate the most commonly used PEA and BA small molecules into the CH~3~NH~3~Sn~0.5~Pb~0.5~I~x~Cl~3-x~ perovskite, aiming to create 2D layered perovskites with improved performance ([@bib23], [@bib13]). However, unlike the cases in FASnI~3~- and MAPbI~3~-based 2D perovskite systems, according to [Tables S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}, the incorporation of PEA or BA has a negative effect on the device performance. Therefore, we try to identify a better molecular layer that can possibly form stronger interactions with Sn^2+^ and Pb^2+^ in CH~3~NH~3~Sn~0.5~Pb~0.5~I~x~Cl~3-x~ to evaluate their effect on the nanostructural control of the perovskite films as well as their corresponding device performance. As we know that solvents containing C=O group such as γ-butyrolactone and N,N-dimethylformamide can interact strongly with the perovskite because the two electron lone pairs on the oxygen atom can make them a Lewis base and coordinate with bivalent metal (Sn^2+^/Pb^2+^), which acts as a Lewis acid, they are therefore good solvents for the perovskite precursor solution ([@bib2], [@bib3]). Moreover, Zhang and coworkers reported that the C=O group in polyvinylpyrrolidone (PVP) could strongly interact with Pb^2+^ ions because of the same reason and that such interaction provided a powerful means to modulate the nucleation and growth of CH~3~NH~3~PbI~3-x~Cl~x~ perovskite ([@bib39]). Based on such rationale, we believe that molecules containing C=O group could be a better choice for the formation of vertically oriented 2D low-band-gap perovskite film. Inspired by the chemical structure of PVP, we therefore selected N-(3-aminopropyl)-2-pyrrolidinone (NAP), whose molecular structure is shown in [Figure 1](#fig1){ref-type="fig"}A, as the organic molecular layer in our study.Figure 1Morphologies and Crystal Orientations of CH~3~NH~3~Sn~0.5~Pb~0.5~I~x~Cl~3-x~ Films with Different Concentrations of NAP(A) The choice of NAP molecule is inspired by the chemical structures of γ-butyrolactone and polyvinylpyrrolidone, which can strongly interact with perovskite due to the C=O group in the pyrrolidinone unit.(B) Scanning electron microscopic images (top view/cross-sectional view) and GIWAXS measurements of CH~3~NH~3~Sn~0.5~Pb~0.5~I~x~Cl~3-x~ thin films with different concentrations of NAP.(C) Magnified image of the marked area in B; besides the 3D~{110}~ signals, there are two diffraction dots in the small *q*~*xy*~-value region, which are assigned as the 2D~A~(n = 1) and 2D~B~(n = 1) structures of (NAP)~2~Sn~0.5~Pb~0.5~I~4~ perovskite, and their normalized signals along the *q*~*xy*~ axis are also shown, illustrating that 2D perovskite started to form after adding 72 mM NAP. See the main text for a detailed discussion.

By the incorporation of NAP into the CH~3~NH~3~Sn~0.5~Pb~0.5~I~x~Cl~3-x~ perovskite, here we demonstrate an interesting 2D/3D hybrid perovskite nanostructure in which a periodic vertically oriented 2D perovskite is seamlessly connected to a 3D perovskite phase, forming a coherent 2D/3D interface. To the best of our knowledge, this is the first report of such a hybrid 2D/3D perovskite structure. Furthermore, we successfully fabricate low-band-gap PVSCs with a PCE of greater than 12% based on the 2D/3D hybrid perovskite structure. More encouragingly, the devices show excellent stability, making them one of the most stable Sn-based PVSCs reported to date.

Results and Discussion {#sec2}
======================

Morphology and Film Structure {#sec2.1}
-----------------------------

The pristine perovskite film was prepared by spin-coating the precursor solution containing methylammonium iodide (MAI), PbI~2~, and SnCl~2~ on poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) followed by a vacuum annealing process to promote the perovskite crystal formation. Such method facilitates a one-step conversion of the precursor film into perovskite film with negligible amount of Cl in the resultant film (details can be seen in the [Methods](#sec3){ref-type="sec"} section) ([@bib15]). The 2D perovskite films were prepared by adding different molar ratios of NAP into the precursor solution, and the same annealing process was applied. Based on the scanning electron microscopic images (top view) in [Figure 1](#fig1){ref-type="fig"}B, the pristine film presented a rough surface with some pinholes. After adding 9 and 18 mM NAP to the perovskite films, we obtained smoother films with fewer pinholes. Moreover, when we further increased the NAP concentration to over 36 mM, crystals with more regular shape were formed in the films. As revealed by both the top view and cross-sectional scanning electron microscopic images, square-shaped plate-like crystals with size greater than 1 μm were obtained when the NAP concentration was increased to 144 mM. However, in such sample the crystal grains became more isolated with lower film coverage. Such evolution of perovskite film morphology from irregular to regular crystals suggested that NAP may not only change the morphology of the perovskite films but also participate in forming new crystal phases, such as the 2D layered structure as expected.

To further investigate the crystal quality, orientation, and nanostructures of the resultant perovskite films, we also performed grazing-incidence wide-angle X-ray scattering (GIWAXS) study for the different perovskite films, and the results are also shown in [Figure 1](#fig1){ref-type="fig"}B. The diffraction rings presented in the GIWAXS pattern of the pristine film suggested that in the absence of NAP, a polycrystalline perovskite film with random crystal orientations was formed. When increasing the concentration of NAP from 9 to 144 mM, the diffraction rings gradually disappeared and changed to several diffraction dots, which suggested that crystals with preferential orientations were formed. Taking the case of 144 mM NAP as an example, the sharp and distinct diffraction dots revealed the formation of highly oriented perovskite thin film, suggesting that the crystals in the corresponding scanning electron microscopic images were almost in the same crystal orientation. More interestingly, according to the GIWAXS data in the case of 72 mM NAP, several diffraction dots appeared in the small *q*-value region, which is indicated by a red dashed line in [Figure 1](#fig1){ref-type="fig"}B, and the corresponding magnified image is shown in [Figure 1](#fig1){ref-type="fig"}C for clarity. Along the out-of-plane direction (the *q*~*xy*~ axis), two diffraction dots at (*q*~*xy*~ = 0.576 Å^−1^, *q*~*z*~ = 0) and (*q*~*xy*~ = 0.683 Å^−1^, *q*~*z*~ = 0) were observed. The corresponding lattice distance for these two peaks are 10.9 Å and 9.2 Å, respectively, which we assigned to be the polymorphs of the 2D layered (NAP)~2~Sn~0.5~Pb~0.5~I~4~ perovskites both containing layer number (n) equal to 1. The one with longer lattice distance is assigned to be 2D~A~(n = 1), whereas the shorter one is 2D~B~(n = 1). These two diffraction dots in the out-of-plane direction provide strong evidence that a periodic vertically oriented 2D perovskite phase is formed in the film. It is worth noting that the films containing high concentrations of NAP are not pure 2D perovskite films, as from the GIWAXS patterns ([Figure 1](#fig1){ref-type="fig"}C) we can also observe diffraction dots that are corresponding to the 3D bulk perovskite phase but with better crystal orientation when compared with the randomly oriented ones in the pristine film. Therefore, it is very likely that a 2D/3D hybrid perovskite is formed in the films that contain high concentration of NAP, and it will be very interesting to further study how these different phases are distributed in the film and how they are interacting with each other.

To further evaluate the structural property of the 2D/3D perovskite films, we performed high-resolution transmission electron microscopic (HRTEM) study of the film with 72 mM NAP. As the difference in electron diffraction capabilities can produce a considerable phase contrast between the crystalline \[MI~6~\]^4-^ (M = Sn^2+^/Pb^2+^) planes and amorphous organic layers, HRTEM offers the chance to directly probe the crystal structures with atomic resolution. To prepare the TEM sample, a poly(methyl methacrylate) (PMMA) precursor solution (100 mg/mL in chlorobenzene) was spin-coated on indium tin oxide (ITO) to form the PMMA layer, followed by the depositions of PEDOT:PSS and perovskite films. The PMMA served as a sacrificing layer and was removed by soaking in chlorobenzene, which is a non-solvent to PEDOT:PSS and perovskite, leaving a floating film of PEDOT:PSS/perovskite that was then picked up by a TEM grid for the study. In such case, we made sure the TEM probing was done from the top of the film, which is important to reveal the vertical orientation of the 2D perovskite phase. The TEM study was performed on multiple areas of the film, and few representation images were used to illustrate our findings. In [Figure 2](#fig2){ref-type="fig"}A, an obvious vertically aligned periodic 2D perovskite phase with a repeating distance of 10.64 Å was observed, which correlated very well with the diffraction dot of 2D~A~(n = 1) perovskite in the GIWAXS result. Most interestingly, the 2D~A~(n = 1) perovskite phase seamlessly connected to the 3D bulk phase with lattice coherently extended across the two phases (as shown in the magnified TEM image in [Figure S1](#mmc1){ref-type="supplementary-material"}A), forming a very unique 2D/3D perovskite microstructure. [Figure 2](#fig2){ref-type="fig"}B shows another vertically oriented 2D perovskite with a repeating lattice distance of 9.02 Å, which correlated with the diffraction dot of 2D~B~(n = 1) perovskite in the GIWAXS result. Similar to the case of 2D~A~(n = 1), the 2D~B~(n = 1) phase also connected coherently to the 3D bulk perovskite phase as shown in [Figure S1](#mmc1){ref-type="supplementary-material"}B. To the best of our knowledge, this is the first time that polymorphs of 2D metal halide perovskite were directly observed in a single perovskite film. By further analyzing the TEM result, we attribute that the origin of the formation of polymorphs is the difference in arrangement of the adjacent \[MI~6~\]^4-^ planes in the 2D~A~(n = 1) and 2D~B~(n = 1) structures. In the 2D~A~(n = 1) structure, according to the magnified image of area 1 in of [Figure 2](#fig2){ref-type="fig"}A, all the lattices in the adjacent \[MI~6~\]^4-^ planes perfectly aligned with each other, suggesting that there was no lattice shift between adjacent \[MI~6~\]^4-^ planes, as depicted in the schematic diagram in [Figure 2](#fig2){ref-type="fig"}D. In contrast, according to the magnified image of area 2 of [Figure 2](#fig2){ref-type="fig"}B, in the 2D~B~(n = 1) structure there was a half-lattice shift between adjacent \[MI~6~\]^4-^ planes (as also illustrated in [Figure 2](#fig2){ref-type="fig"}D). This shift in adjacent \[MI~6~\]^4-^ planes alignment also led to the difference in the arrangement of the organic layer, which resulted in the difference in lattice distance between the 2D~A~(n = 1) (10.64 Å) and 2D~B~(n = 1) (9.02 Å) perovskite phases. In the latter case, better use of space could be achieved between adjacent \[MI~6~\]^4-^ planes, resulting in closer stacking of the organic layer and a smaller repeating distance.Figure 2TEM Images of CH~3~NH~3~Sn~0.5~Pb~0.5~I~x~Cl~3-x~ Thin Film with 72 mM NAP(A) The 2D~A~(n = 1) structure and the magnified area 1 (marked with a red dashed line). The red lines in the magnified figure show a head-to-head alignment between adjacent \[MI~6~\]^4-^ planes.(B) The 2D~B~(n = 1) structure and the magnified area 2 (marked with a red dashed line). The red lines in the magnified figure show a shift between adjacent \[MI~6~\]^4-^ planes by a distance of half of the lattice.(C) The non-periodic vertically oriented 2D perovskites contain higher layer numbers.(D) Schematic diagram of the nanostructure of 2D/3D hybrid perovskite grains.(A), (B), and (C) have the same magnification, and the scale bar shown in (A) also applies to (B) and (C).

In addition to the polymorphs of 2D perovskite with n = 1, the HRTEM study also revealed that 2D perovskite with higher layer numbers also coexisted in the film. [Figure 2](#fig2){ref-type="fig"}C shows that the film contained vertically orientated 2D perovskites with mainly n = 2 and n = 3, which are embedded within the 3D bulk perovskite phase. However, the GIWAXS study did not reveal a diffraction signal of these two types of structures in the small *q*-value region. We attribute this result to the non-periodic alignment of the n = 2 and n = 3 2D planes (as seen in the TEM image) as well as to the relatively small amount of those phases when compared with the n = 1 2D perovskite, which resulted in the absence of Bragg diffraction and hence the absence of GIWAXS signal.

Solar Cell Performance {#sec2.2}
----------------------

To evaluate the photovoltaic properties of the 2D/3D hybrid perovskites solar cells with different concentrations of NAP, solar cell devices were fabricated based on the device architecture of ITO/PEDOT:PSS/perovskite/PCBM/Phen-NaDPO/Ag, as shown in [Figure 3](#fig3){ref-type="fig"}A. The best performances of the solar cells are summarized in [Table 1](#tbl1){ref-type="table"}, and the statistical performances of 30 devices for each case are summarized in [Figure S2](#mmc1){ref-type="supplementary-material"}. [Figures 3](#fig3){ref-type="fig"}B and 3D also show the I-V curves and continuous output of the optimized PVSC based on the 2D/3D hybrid perovskite film to which 72 mM NAP was added, which illustrated a highly stable output with no photocurrent hysteresis for forward and reverse bias scans. With the external quantum efficiency (EQE) edge of low-band-gap CH~3~NH~3~Sn~0.5~Pb~0.5~I~x~Cl~3-x~ PVSCs reaching over 1,000 nm, as shown in [Figure 3](#fig3){ref-type="fig"}F, all devices achieved a relatively high short-circuit current density (*J*~*sc*~), suggesting that the formation of periodic vertically oriented 2D perovskite did not impede photocurrent extraction. In addition, the integrated *J*~*sc*~ of 0, 9, 18, 36, 72, and 144 mM NAP cases were 23.12, 26.24, 26.06, 25.71, 25.89, and 26.02 mA/cm^2^, respectively, which were in the deviation of less than 3.5% compared with the *J*~*sc*~ measured under illumination of the solar simulator as shown in [Table 1](#tbl1){ref-type="table"}. The obvious shift of EQE spectra after the formation of 2D perovskites was attributed to the enhanced excitonic absorption of 2D perovskite at around 600 nm, as shown in [Figure S3](#mmc1){ref-type="supplementary-material"}. Transient photocurrent measurement (TPC) was also employed to evaluate the charge extraction properties. According to [Figure S4](#mmc1){ref-type="supplementary-material"}A, a longer charge extraction time was observed in pristine PVSC compared with the devices with NAP, illustrating a more efficient charge extraction in NAP-modified devices. In addition, all the NAP-modified devices showed similar charge extraction properties, which also correlated well with the EQE and *J*~*sc*~ measurements.Figure 3Device Architecture, Performance, and Stability of PVSCs(A) Solar cell architecture.(B) I-V curves of PVSC with 72 mM NAP.(C) Device stability of PVSCs with different concentrations of NAP (average stability of 4 devices). All devices were stored in ambient condition with relative humidity of 30% ± 5% without any encapsulation.(D) The time-dependent stabilized power output of the PVSC with 72 mM NAP measured at the maximum power point.(E) Device stability of PVSCs with different concentrations of NAP under continuous illumination in an N~2~-filled glovebox (average stability of 4 devices).(F) EQEs and the integrated current densities of PVSCs with different concentrations of NAP.Table 1Performance of CH~3~NH~3~Sn~0.5~Pb~0.5~I~x~Cl~3-x~ Solar Cells with Different Concentrations of NAPNAP Concentration (mM)V~oc~ (V)J~sc~ (mA/cm^2^)FF (%)PCE (%)00.6623.367.110.390.7127.169.513.4180.6926.766.912.3360.6826.368.512.3720.6826.168.612.21440.6426.564.810.9

Compared with the pristine device, the addition of 9 mM NAP to the CH~3~NH~3~Sn~0.5~Pb~0.5~I~x~Cl~3-x~ thin film improved all the device parameters, which led to a PCE improvement from 10.3% to 13.4%. We attributed this performance enhancement to the better film morphology (fewer pinholes and a smoother surface) and the better crystal quality, as shown in [Figure 1](#fig1){ref-type="fig"}. Also, transient photovoltage measurement (TPV) was employed to study the charge recombination property in PVSCs. According to [Figure S4](#mmc1){ref-type="supplementary-material"}B, the voltage decay time increased with the NAP concentration, illustrating that a slower charge recombination occurred in the perovskite after the introduction of NAP molecules. We attributed this result to the improved perovskite trap passivation effect provided by the NAP molecules ([@bib4]). However, when 18, 36, and 72 mM NAP were added to the CH~3~NH~3~Sn~0.5~Pb~0.5~I~x~Cl~3-x~ thin films, the device performances dropped slightly, although the films had a better crystal quality, smoother surface, and lower trap density. Therefore, we attributed these slight drops in performance to the increasing number of pinholes and increasing amount of insulated NAP. In the case of perovskite film with 144 mM NAP, despite the film showing excellent crystal quality, relatively low film coverage was obtained. The voids in the perovskite film allowed the contact between the hole and electron transport materials, leading to a further drop in the performance of the solar cell through leakage current. Since the main advantage of the formation of 2D perovskite is improvement of the film stability, we also evaluated the stability of the devices with different concentrations of NAP in addition to their photovoltaic efficiencies. [Figure 3](#fig3){ref-type="fig"}C shows that when we increased the NAP concentration in the perovskite films, the devices without any encapsulation showed significant improvement in stability in ambient condition (relative humidity: 30% ± 5%). The best device was based on the perovskite film to which 144 mM NAP was added, which maintained 90% of its initial performance over 1 month when stored in ambient conditions. On the contrary, devices based on pristine perovskite film showed very poor stability and their performance dropped to less than 50% of the initial value when just stored at ambient conditions for only 3 days. We further evaluated the oxidation state of Sn in perovskite film with and without NAP molecules by X-ray photoelectron spectroscopy. [Figure S5](#mmc1){ref-type="supplementary-material"} shows that a much slower oxidation rate of Sn^2+^ to Sn^4+^ was found in the 144-mM case compared with the pristine perovskite film, which correlated well with the stability results. Moreover, to mimic the actual working conditions of PVSCs with proper encapsulation, in which water and oxygen content in the device are minimized, we also measured the stability of PVSCs under continuous illumination in an N~2~-filled glovebox (H~2~O and O~2~ \< 1 ppm). We also found that the stability of the devices improved significantly as the concentration of NAP in the PVSCs increased, and the best device retained more than 70% of its initial performance after continuous illumination over 1 month, as shown in [Figure 3](#fig3){ref-type="fig"}E. It is worth to note that to the best of our knowledge, according to [Table S4](#mmc1){ref-type="supplementary-material"}, our results are one of the most stable Sn-based organic-inorganic hybrid PVSCs reported to date and we attribute the enhanced stability to the formation of 2D/3D perovskite, better crystal quality, and the surface passivation effect provided by the hydrophobic NAP molecules. The last reason is probably the most critical one as it had also been reported that in other 2D perovskite films hydrophobic organic layers such as BA and PEA could improve the stability of the perovskite film by providing a physical barrier effect to prevent moisture and oxygen to diffuse into the grain boundary of the perovskite film ([@bib23], [@bib13], [@bib25]). However, as we have shown in the supporting information, not every organic layer could work well with the Sn/Pb-based perovskite system and only the specially designed NAP provides positive effect both on the device performance and stability, so it will be important to further correlate the molecular design of the organic layer and its chemical interaction with the perovskite to provide better guideline for choosing appropriate molecules to generate the desired hybrid perovskite nanostructures.

Interaction between NAP and Perovskite {#sec2.3}
--------------------------------------

The formation of periodic vertically oriented 2D perovskite is strongly related to the interactions between the NAP molecule and the perovskite. In our case, because the two electron lone pairs on the oxygen atom of the C=O group can make the NAP molecule to act as a Lewis base and then coordinate with the bivalent metal (Sn^2+^/Pb^2+^), which acts as a Lewis acid, and such coordination could also affect the structural formation of the perovskite ([@bib37], [@bib1], [@bib29]). To confirm such interaction, we carried out Fourier transform infrared spectroscopy (FTIR) to study the corresponding bonding interaction. According to [Figure S6](#mmc1){ref-type="supplementary-material"}, the featured infrared (IR) absorption of the C=O group in pure NAP was located at wave number of 1,673 cm^−1^ and no signal from the C=O group could be detected in the pristine perovskite film. However, compared with the pristine perovskite, two extra peaks, A and B, appeared in the perovskite film with the NAP molecules. The appearance of a relatively weak peak A (1,673 cm^−1^) indicated the presence of free C=O groups in the film, whereas the appearance of B (1,625 cm^−1^) with reduced wave number indicated that the electron density in the C=O group was dragged away from the carbon site by another electron-withdrawing group (which are the bivalent metal Sn^2+^ or Pb^2+^ in our case), which enhanced the IR absorbance of the C=O group, forming a strong peak B with a downshift in the wave number in the FTIR. This result suggests that strong interactions exist between the C=O group and bivalent metals in the film.

To further confirm that the presence of C=O group is critical for the formation of periodic vertically oriented 2D perovskite, we performed a control experiment by adding a reference molecule, 1-(3-aminopropyl)pyrrolidine (chemical structure is shown in [Figure S7](#mmc1){ref-type="supplementary-material"}B), which is structurally similar to NAP but without the C=O group, into the precursor solution. GIWAXS study was also carried out on the perovskite films with different concentrations of 1-(3-aminopropyl)pyrrolidine. As shown in [Figure S7](#mmc1){ref-type="supplementary-material"}A, no diffraction signal appeared in the (*q*~*xy*~\<1, *q*~*z*~ = 0) region with different additive concentrations, which suggested that no periodic vertically oriented 2D perovskite was formed after adding 1-(3-aminopropyl)pyrrolidine. Moreover, as the amount of 1-(3-aminopropyl) pyrrolidine in the perovskite thin film increased, the crystal quality of the perovskite gradually decreased. We also fabricated PVSCs with different concentrations of 1-(3-aminopropyl) pyrrolidine based on the device architecture discussed above, and the device performance is summarized in [Table S3](#mmc1){ref-type="supplementary-material"}. The device performance dropped significantly as the amount of 1-(3-aminopropyl)pyrrolidine increased. The dramatic decreases in the *J*~*sc*~ also indirectly reflected the unsuccessful formation of the vertically oriented 2D perovskite. According to [Figure S8](#mmc1){ref-type="supplementary-material"}, the poor morphology and rough surface also accounted for the inferior performances of these PVSCs. Particular in the 144-mM case, the irregular crystal shape also suggested poorer crystal quality of perovskite after the introduction of 1-(3-aminopropyl)pyrrolidine. Therefore, we can conclude that the interaction between the C=O group in NAP and the bivalent metal (Sn^2+^/Pb^2+^) plays a major role in the formation of the periodic vertically oriented 2D perovskite structure in our study.

Impact of the Ratio between Sn^2+^ and Pb^2+^ {#sec2.4}
---------------------------------------------

As the formation of periodic vertically oriented 2D perovskite is related to the interaction between the C=O group in NAP and Sn^2+^ and/or Pb^2+^, we expected that the ratio between Sn^2+^ and Pb^2+^ would also affect the formation of the structure. Therefore, we modulated the ratio between Sn^2+^ and Pb^2+^ in CH~3~NH~3~Sn~y~Pb~1-y~I~x~Cl~3-x~ (y = 0, 0.25, 0.5, 0.75, 1) films with 144 mM NAP and again studied their crystallography using GIWAXS. In [Figure S9](#mmc1){ref-type="supplementary-material"}, the 2D~A~(n = 1) and 2D~B~(n = 1) structures have already formed in CH~3~NH~3~PbI~x~Cl~3-x~ perovskite with 144 mM NAP. However, the 2D~A~(n = 1) structure grew laterally, whereas the 2D~B~(n = 1) structure mainly grew laterally along with the other orientations. The GIWAXS pattern suggested that the film is polycrystalline. In the CH~3~NH~3~Sn~0.25~Pb~0.75~I~x~Cl~3-x~ perovskite film with 144 mM NAP, 2D~A~(n = 1) perovskite structure with both lateral and vertical orientations were observed. The diffraction ring of the 2D~B~(n = 1) structure started to change to distinct dots, suggesting the narrowing of the distribution of crystal orientations, and the overall crystal quality also improved. In the CH~3~NH~3~Sn~0.5~Pb~0.5~I~x~Cl~3-x~ perovskite with 72 mM NAP, both vertically oriented 2D~A~(n = 1) and 2D~B~(n = 1) structures were present in the film, as shown in [Figure 1](#fig1){ref-type="fig"}. However, in the CH~3~NH~3~Sn~0.5~Pb~0.5~I~x~Cl~3-x~ perovskite with 144 mM NAP, most of the 2D~A~(n = 1) structures grew in the vertical direction, whereas the 2D~B~(n = 1) structures almost disappeared. A highly ordered film with an extremely narrow crystal-orientation distribution was obtained in this case. Interestingly, in the CH~3~NH~3~Sn~0.75~Pb~0.25~I~x~Cl~3-x~ and CH~3~NH~3~SnI~x~Cl~3-x~ perovskites with 144 mM NAP, no periodic 2D perovskite was formed and the crystal quality of the films was reduced, according to the GIWAXS study. Therefore, we can conclude that the formation of periodic vertically oriented 2D perovskite is also strongly related to the ratio between Sn^2+^ and Pb^2+^ in the perovskite films as well as the concentration of NAP.

Conclusion {#sec2.5}
----------

This is the first report that a periodic vertically oriented 2D organic-inorganic hybrid low-band-gap perovskite could be formed by introducing specially designed molecule into a CH~3~NH~3~Sn~0.5~Pb~0.5~I~x~Cl~3-x~ precursor solution. The GIWAXS results revealed two types of periodic vertically oriented 2D perovskites in the film, which were assigned as 2D~A~(n = 1) and 2D~B~(n = 1). In the 2D~A~(n = 1) structure, the adjacent \[MI~6~\]^4-^ planes perfectly aligned with each other, whereas a half-lattice shift between adjacent \[MI~6~\]^4-^ planes was observed in the 2D~B~(n = 1) structure. In the HRTEM study, we observed both non-periodic and periodic vertically oriented 2D perovskite structures and both of them seamlessly connected with the 3D bulk phase of the perovskite. The former one is typically formed by the 2D perovskite with higher layer numbers, whereas the latter one is formed when the layer number is equal to 1. Furthermore, we studied the factors that affected the formation of the periodic vertically oriented 2D perovskite structure. The interaction between the C=O group in NAP and Sn^2+^/Pb^2+^ was found to be important to promote the formation of such structure, and the ratio between Sn^2+^ and Pb^2+^ in the perovskite films and the concentration of NAP also affected its formation.

Eventually, we have successfully fabricated a stable low-band-gap Sn-based PVSC based on the 2D/3D hybrid perovskite structure. Our optimized PVSC achieves a PCE of greater than 12%, which is the best reported result based on a 2D/3D hybrid low-band-gap perovskite. The devices also show improved ambient stability and illuminated stability as the NAP concentration increases, making one of the most stable Sn-based organic-inorganic hybrid PVSCs, which suggests that the formation of 2D/3D perovskite could provide a solution to the degradation of Sn-based perovskite.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Limitations of Study {#sec3.1}
--------------------

In this study, we observed that the introduction of NAP slowed down the oxidation process of Sn^2+^ to Sn^4+^ in perovskite films in ambient condition, which facilitated a better ambient stability of Sn-based PVSCs. However, we could not show a fundamental mechanism or a convincing reason for this observation. More investigation is needed to further reveal the role of NAP in perovskite stability, as which is possible to promote a development of stable Sn-based PVSCs.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods, Figures S1--S9, and Tables S1--S4

This study was financially supported by the Ministry of Science and Technology of the People\'s Republic of China (Nos. 2017YFA0206600), Science and Technology Program of Guangzhou, China (Nos. 201607020010) and National Natural Science Foundation of China (Nos. 21761132001, 51573057 and 91733302). We also thank Donglian Zhang, Prof. Linlin Liu, and Prof. Yuguang Ma for their help in the FTIR measurement.

Author Contributions {#sec5}
====================

Z.C. and M.L. fabricated the PVSCs and carried out the device characterizations. Z.C., M.L., Z.L., and Y.Y. carried out the scanning electron microscopic, GIWAXS, and TEM measurements. Z.C., S.T., and H.-L.Y. analyzed the data. Z.C. and H.-L.Y. wrote the manuscript. H.-L.Y. and Y.C. supervised the research and led the project.

Declaration of Interests {#sec6}
========================

The authors declare no competing interests.

Supplemental Information includes Transparent Methods, nine figures, and four Tables and can be found with this article online at [https://doi.org/10.1016/j.isci.2018.11.003](10.1016/j.isci.2018.11.003){#intref0010}.

[^1]: Lead Contact
